This paper presents an improved approach to characterize press elastic behaviour and to quantify the effect of press elasticity in the forging of three-dimensional (3D) complex shapes. Using a stiffness matrix formulation, the overall press elasticity is characterized by press elastic deformation and initial clearances of the press guideway. The effect of press elasticity in forging is evaluated by implementing the press stiffness matrix formulation into the 3D forging simulation using a user subroutine. An industrial-based 3D blade forging case study was carried out to assess the robustness and efficiency of this approach in the forging of 3D complex shapes. Compared with cases without press elasticity, the results show that the press elasticity has less effect on forging force requirements, material deformation, and stress and strain distributions. However, the effect of press elasticity is more apparent on the dimensional and shape accuracy of the forged blade with the initial guideway clearance as a major source for dimensional errors compared with the press elastic deformation. The case study also shows that this approach can be easily implemented for evaluating press tool-related effects in forging simulation and design.
INTRODUCTION
Dimensional accuracy is a key measure that affects the overall quality of forged components. Minimizing geometrical tolerances and achieving net-shape forging accuracy has become one of the main objectives of the metal forming industry to enhance overall competitiveness over the past two decades [1] . The dimensional accuracy of forged components is process dependent and affected by inherent factors including the work material, tools/ die, and forming press and random variations such as inconsistent die stroke, initial temperature, and lubricant condition. Similar to many other manufacturing processes such as machining and grinding, the forming process and press interaction are major factors influencing the quality and accuracy of formed parts, as highlighted in a recent review paper [2] .
In the field of metal forming, research has been carried out to investigate forming errors due to die deflection, material springback, and thermal distortion in different processes. However, little research has been reported on the press-related inaccuracies [3] . Doege [4, 5] and Wagener [6] and their coauthors investigated press stiffness using the finite element (FE) method and experimental studies. Wagener specified the general elastic behaviour of forming presses under loading using a vertical spring constant and an angular spring constant [7] . Zhang and Dean proposed an analytical model for the evaluation of press and tool deflection in a multistage forging process [8] . A flexibility matrix was proposed by Chodnikiewicz et al. [9, 10] . By using this flexibility matrix, the relationship between the deflections of the press and the forging forces and moments around press axes may be established and their effect on the accuracy of forged components may be estimated [11] . To obtain the press flexibility matrix, Arentoft et al. used experiments to measure the press ram deflections under specific loading conditions of a forming press [12, 13] . Based on the derivation of the press flexibility matrix, a combined approach was used to predict the accuracy of coldforged components and the tool life using FE simulation [14] . Fourment et al. also investigated technical issues in incorporating press stiffness in forging simulations [15] .
Because of both the complexity in quantifying press elastic characteristics and the requirement for extensive computing time in forging simulations of three-dimensional (3D) complex shapes, until recently few attempts have been reported in largescale forging simulations with the inclusion of the press elasticity using an approach of two-dimensional (2D) forging simulation and 3D measurement of forging forces [16, 17] . However, the fidelity and robustness of such an approach were hampered by the fact that only 2D FE simulation was used to represent the press elasticity at plane strain condition in the forging simulation. In a recent paper, Krusic et al. [14] attempted to incorporate the press flexibility matrix into the FE model for a side plate manufactured through a multistage cold-forging process, which enabled an estimation of the forging force variation and especially provided an insight into achieving the optimized multistage forging design for improved forging accuracy and minimized forging load. However, few details were given on how the press flexibility matrix was implemented in the multistage forging simulation and how the press deflections affected the final dimensions of the forged side plate. Hence the press-related effect on geometrical tolerance in real forging processes is still a technical challenge, especially in forging of 3D complex shapes. To evaluate the effect of press elasticity on dimensional errors of complex components, full 3D FE simulation with accurate representation of the press elasticity has to be used. The difficulty is that the FE model can become very complex and in many cases it is prohibitive to simulate the press ram motion driven by different working mechanisms of the press system. This problem can be overcome if full implementation of the press stiffness matrix approach in 3D forging simulation may be proven a robust and efficient applicable to forging and other metal forming processes.
In the present paper, the press stiffness matrix approach is used for the first time in 3D forging simulation of a complex shape. This approach is implemented by using DEFORM 3D forging simulation software via a developed user subroutine. In this way, the effect of the press elasticity and guideway clearance can be directly included in the forging simulation and the geometrical errors due to the complex behaviour of press elastic deformation and rigid-body motion can be quantified. A case study of an industrial blade forging problem is presented. The results provide a quantitative assessment of the dimensional and shape errors due to press elasticity in the forging of 3D complex shapes and demonstrate the feasibility of applying this approach for other metal forming processes. This is especially significant for metal forming processes where net-shape accuracy is a key process design requirement.
THEORETICAL FORMULATION

Press stiffness matrix
In a forging operation, the forming press is used to provide the required force and energy to deform the material into the desired shape. As shown in Fig. 1 , depending on the type of press, a forming press normally consists of a frame, a ram table, and other systems, such as driving and feeding mechanisms. Due to the press elastic deflections in forging and the geometric inaccuracies of structural parts such as guideway clearances, the overall press elasticity is an important source for dimensional errors of forged components. The stiffness characteristics of a press system are similar to that of a system with a number of spring elements defined by linear loaddeflection relationships. Considering a typical forming press given in Fig. 1 , the overall press elastic
Fig. 1 Press table and ram coordinate system
Quantification of press elasticity in the forging of three-dimensional complex shapes characteristics may be quantified and represented by a stiffness matrix equation of six degrees of freedom, i.e. three linear and angular deflections. As the deflection of the top forging die mounted on the press ram may be considered as rigid-body motion, these motions can be described by three linear and three rotational components of deflections, i.e. g f g = d x , d y , d z , u x 0 , u y 0 , u z 0 È É T , caused by three force and three moment components in forging operation, i.e. fF g = fF x , F y , F z , M x , M y , M z g T . Therefore, the relationship between the forging force/moment and the press elasticity can be defined by a stiffness matrix equation given by [17] 
where fg eq 0 g = fd eq 0x , d eq 0y , d eq 0z , u eq 0x 0 , u eq 0y 0 , u eq 0z 0 g T is the initial clearance vector in the press guideway and ½K PR is the press stiffness matrix, which may be written as (2)
As can be seen from equation (2), the press stiffness matrix is comprised of 6 3 6 stiffness coefficients along three linear (x, y, z) and three rotational (x#, y#, z#) axes. To obtain the press stiffness matrix, it is necessary to obtain all of the stiffness coefficients in equation (2) by deriving all three linear and three rotational press deflections under a comprehensive or representative set of loading cases applied to the press ram and table. Although this may be achieved using either experimentation or FE simulation, it can be time consuming to carry out the whole process of load application and measurement of resulting press deflections. As many types of forming press are symmetric along their principal planes, many stiffness coefficients in the stiffness matrix are zero for a specific type of press [16, 17] . Thus if the forging forces are known in a forging process, the press ram deflections can be obtained as fgg 631 = ½K PR À1 636 fF g 631 + fg eq 0 g 631
Using equation (3), it is possible to quantify press elastic deflections in a forging process and to predict the dimensional errors of a forged part due to press elastic deflections and the initial clearance of the press guideway if the stiffness equation representing the press elasticity and its rigid-body motion can be implemented in forging simulation. Since the press ram and frame contribute more than 90 per cent of total press elastic deflection [18] , only the top forging die deflections of the press are taken into account in this paper.
Deviation of forging dies due to press elasticity
The press deflections cause rigid-body motion of the forging dies through translation and rotation. As shown in Fig. 2 , the rigid-body motion of the forging dies can be given as
where fDX i g is the deflection of the forging die, fX i g is the associated nodal positions without press deflections, fX 0 g is the origin of the reference coordinate system, and fdg = fd x , d y , d z g T is the press deflection vector.
[T] is a transformation matrix of the forging die due to press angular deflections fug = fu x , u y , u z g T [17] . Thus for a node on the top forging die, the updated nodal position fX 0 i g due to press deflection can be obtained by 
In this way, the top die deviation due to the overall press deflections and geometric errors can be calculated by the spatial relationship of the top forging die mounted on the press ram, the press elastic deformation, and the initial clearance vector of the press guideway. With sufficient information on the press stiffness and press guideway clearance, the dimensional errors of the forged component due to the press elasticity can be obtained by using equations (3) and (5).
Quantification of press stiffness
To obtain the press stiffness matrix of a screw press, an FE model was used as shown in Fig. 3(a) . This press model consists of a press ram driven by the main screw. The press frame and crosshead are prestressed by two tie rods. As shown in Fig. 3(b) , without forging force applied, the pre-stressed frame and crosshead are under compression due to the clamping forces in the two tie rods. During forging operation, forging forces are transmitted through the ram and main screw to the press frame, causing deflections of the press to occur. The FE package ABAQUS/Explicit was used to analyse the elastic behaviour of the screw press. A quasi-static FE analysis was carried out and the forging forces were applied to the press ram and table. Figure 4 shows the deflection and stress distributions of the press under oblique loading force along the X axis (case 1).
Due to the symmetry of the screw press, the nonzero stiffness matrix elements include k xx , k yy , k zz , k x#x# , k y#y# , k z#z# , k xy# , k y#x , k yx# , and k x#y . To derive these stiffness coefficients, six load cases were considered as shown in Table 1 . In each case, a representative forging force of 20 000 kN was applied in the vertical direction (Z). In load cases 1 and 2, the horizontal forces were applied individually along the two lateral axes (X and Y) separately. In load cases 4 and 5, the centre of the vertical force was offset 50 mm from the centre of the table so that an offset moment was generated. By conducting FE simulations of these cases, the stiffness coefficients within the press stiffness matrix can be obtained using equation (1) . For example, k xx and k xy# in equation (1) can be obtained as
where d x1 , u y1 and d x5 , u y5 are linear and angular deflections obtained from FE simulations in load cases 1 and 5. F x1 and F x5 are forces applied along the X axis in load cases 1 and 5. Other press stiffness coefficients were derived by using the results from other cases. The calculated value of each stiffness coefficient in the press stiffness matrix is given in Table 2 .
To validate the results from FE analysis of the screw press under specific load cases, these results compare favourably with the results extracted from experimental testing, also given in Table 2 [19] . The only exception lies in the two stiffness coefficients k yx# and k x#x# , where the difference between FE 2000 50 simulation and experimental testing is more than 16 per cent. These two stiffness coefficients quantify press angular deflections resulting from offset moment on the X axis, M x . As in the blade forging situation, the offset moment is very small (see Fig. 8(b) ), so this discrepancy between FE results and experimental data will have virtually little effect on the precision of predicted forging errors due to press elasticity. In comparison with other research, the press flexibility matrix is often used to quantify press stiffness characteristics for a number of medium tonnage (5-10 MN) hydraulic and mechanical presses [9, 10, 12, 13] . Although it is not feasible to directly compare the press stiffness data between this research and those obtained from hydraulic and mechanical presses due to the difference in the design and working mechanisms, the general concept of either press flexibility or stiffness matrix is essentially the same and can be easily used in process evaluation and press selection. However, no attempt has ever been made to predict the forging accuracy of 3D complex shapes using derived press stiffness quantification.
Development of user subroutine
To simulate the forging process involving large material deformation using the FE method, the penalty function method may be employed, from which the flow formulation is derived using the weak variational form of the equilibrium equation expressed entirely in terms of the arbitrary variation in the velocity field [20] . In this work, the flow formulation with penalty method is used to simulate the forging process by using the DEFORM 3D software package as the FE solver. In addition, the DEFORM 3D user subroutine USRMSH was used to include the deflection of the top forging die due to press elastic deformation. During FE simulation, this subroutine was called after each time increment. In this subroutine, the nodal positions of the top forging die surface can be updated by the following procedure.
1. By generating the detailed FE model of the screw press, ABAQUS/Explicit is used to carry out FE simulations of the screw press so that the press linear and angular deflections are obtained under different loading cases. This allows the derivation of the press stiffness matrix to be implemented in forging simulation. 2. DEFORM 3D is used to simulate the forging of 3D aerofoil blades. The forging load after each time increment in the FE simulation is calculated by summing up all vertical nodal forces on the top die surface.
3. The six press deflection components are then calculated according to the forging load using equation (1). 4. The deflections of each nodal position of the top forging die surface are calculated using equation (3) and the new nodal positions of the top forging die surface are updated for the next time increment in the forging simulation. 5. By using the DEFORM user subroutine, the rigid motion of the top forging die surface is updated by adjusting the nodal positions at each time increment, so the top forging die deflection due to the press elastic deformation and guideway clearance are included in the forging simulation. 6. This process is repeated at each time increment and thus used to predict the effect of the overall press elasticity in the forging simulation to the end of the forging stroke.
FE MODELLING
The FE model for the 3D blade forging is shown in Fig. 5 , in which the workpiece was defined as rigid plastic and forging dies were considered elastic. Based on the implicit technique and an updated Lagrangian description, the DEFORM 3D software package was employed to simulate the blade forging process. In DEFORM 3D software, an iterative solver based on the element-by-element solution technique was used to solve the non-linear equations, which gives an advantage of reduced data storage and improved computing efficiency when simulating large material deformation [21, 22] . By defining the stroke of the top forging die, the forging simulation was completed iteratively at each increment of loading. A convergence analysis using six different mesh sizes, i.e. 0.85, 0.9, 1.1, 1.5, 2.0, and 2.5 mm for the workpiece, were implemented in the FE forging model. As shown in Fig. 6 , the distributions of von Mises stress for all different mesh size cases are quite similar at the area of aerofoil sections. However, the values of the maximum von Mises stress, although all appearing in the root block region, are quite different from one another. While the maximum von Mises stresses varied from a maximum of 551 MPa in the 2.5 mm mesh size case to a maximum of 664 MPa in the 2.0 mm mesh size case, the von Mises stress results converged to 572 MPa and 579 MPa for the mesh sizes of 0.85 and 0.9 mm. This convergence trend is confirmed by the convergence history of the von Mises stress and average forging error results as given in Fig. 7 . Therefore, in this work, an element size of 0.9 mm with over 40 000 elements was employed for the 3D blade forging simulation. Based on material supplier's data, the flow stresses of the Ni-based alloy are given as a function of strain, strain rate, and temperature in Fig. 8 . The thermal and mechanical properties of the workpiece and the material properties of the dies are defined in Table 3 . According to the actual hot-forging condition, the initial workpiece temperature was defined to be 1010°C and a temperature of 230°C was set for the forging dies. A representative heat transfer coefficient in the forging stage was defined to be h f = 11 kW/m 2°C and the friction coefficient was defined to be m = 0.2 [18, 22, 23] . The whole forging cycle was divided into forging (0.22 s), unloading of dies (0.05 s), and cooling of the forged aerofoil to room temperature (1200 s), so the dimensional and shape variations of the whole forging cycle can be obtained. To differentiate the effects of forging die elasticity, press elastic deformation, and initial clearance of the press guideway on the dimensional and shape accuracy of the forged aerofoil blades, three forging simulation cases were considered:
(a) forging simulation with forging dies only; (b) forging simulation with both forging dies and press elastic deformation but zero guideway clearance; (c) forging simulation with elastic dies and press elasticity plus 0.1 mm guideway clearance. Figure 9 shows the forging force history from FE simulation using DEFORM 3D. As shown in Fig. 9(a) , the vertical force, F z , is far larger than the horizontal forces, F x and F y . F x and F y are kept to a minimum amount during the whole forging process.
In terms of moment components, M x and M y vary at the early stage of forging but tend to increase rapidly towards the end of the forging stroke while M z increases gradually, starting from a minimum amount of twist, see Fig. 9(b) . Generally the magnitudes of both horizontal forces and moments are small. This suggests that the blade forging is well positioned and balanced in the forging operation so the moment and horizontal force components are insignificant and do not cause substantial linear and angular press deflections along the axial or rotational directions. T, temperature (°C).
Material deformation
Quantification of press elasticity in the forging of three-dimensional complex shapes illustrated in Fig. 10(a) . As shown in Fig. 10(d) for the benchmark case without the consideration of press elasticity, the largest strain values occur in the flash area; while for the two simulation cases with press elasticity, the largest strain values occur near the root area as shown in Figs 10(e) and (f). Concerning the blade shape, the forged aerofoil blades with press elasticity are not fully forged compared with the benchmark case without the consideration of press elasticity. This is because some of the forging energy consumed during forging is absorbed by the press elastic deformation. Another reason is that the ram may not reach the specified final position due to the press ram guideway clearance. This incomplete forging stroke explains the difference in the effective strain distributions illustrated Figs 10(d) , (e), and (f), which also causes the dimensional errors of the forged aerofoil blades. The comparison of the aerofoil blade shapes also suggests that the difference of the material deformation, stress and strain distributions caused by press elasticity cannot be ignored and certain compensation methods may be necessary so as to minimize the press elasticity-induced forging errors to achieve specified tolerance requirements [23] .
Die deflections and blade shapes
With and without the consideration of the initial clearance of press guideway, Table 4 shows the deformation values of the top forging die surface due to press elastic deflections. Figure 11 shows the deflection distribution results of the top forging die when the guideway clearances are defined to be zero and 0.1 mm. The contour plots show the actual value of the top forging die deflections. As can be seen from Fig. 11 , the translation of the top forging die is more obvious than that of the rotation. By comparing the results between the zero and 0.1 mm initial guideway clearance cases, it is easily found that the deviation of the 0.1 mm guideway clearance case is larger than that of the zero guideway clearance case. These results are consistent with the results summarized in Table 4 , which suggest that in the 3D blade forging process the effect of overall press elasticity is predominantly dependent on the initial guideway clearance of the press instead of the press elastic deflections due to horizontal forces and offset moments. Figure 12 shows the deviation distributions of the forged 3D blade under zero and 0.1 mm guideway clearance conditions. The blue mesh shows the final shape of the forged blade without consideration of the press elasticity. The contour distributions show the actual deviations due to press elasticity, suggesting a larger deviation in the 0.1 mm guideway clearance case and a much smaller deviation with zero clearance in comparison with the benchmark case.
Geometric errors of the forged blades
Although the press elasticity causes large deflection in the vertical direction as shown in Table 4 , this deflection can be compensated for by applying additional forging energy. Figure 13 shows the geometric errors of the forged aerofoil blade affected by the press elasticity as compared with the benchmark case without the consideration of press stiffness behaviour. As can be seen, the maximum deviation error caused by the press elasticity in the zero guideway clearance case is about 0.02 mm, while the maximum deviation error is about 0.05 mm for the 0.1 mm guideway clearance case. These comparisons suggest that the guideway clearance is an important factor contributing to the accuracy of the forged 3D aerofoil blades while the effect of press (b) moment history results elastic deflections due to horizontal forces and moments is very small in a well-balanced blade forging case. The deflections of the forging dies due to press elasticity and the resulting geometric errors of the forged 3D blades are shown in Figs 11 to 13. It can be seen that although the deflection of the forging dies can be quite large, its effect on the blade geometry is relatively small. This suggests that the horizontal movement of the forging dies does not significantly affect the final precision of the forged aerofoil blade. On the other hand, the angular deflections of the top forging die can cause a considerable amount of geometric error of the forged aerofoil blade.
CONCLUSIONS
The importance of press elasticity on formed parts has long been recognized and various methods such as the press stiffness and flexibility matrix have been developed to quantify press elastic behaviour. However, no direct correlation between the overall press elasticity and the dimensional and shape accuracy of especially 3D complex shape has ever been reported. In the present paper, a 3D blade forging process was simulated to quantify the forging errors due to the press elastic deformation and initial press guideway clearance using a press stiffness matrix representation and a transformation approach. In FE simulation, the press elastic deformation and press guideway clearance under forging load were included by adding the rigid motion of the top forging die at time increments of the forging simulation. By integrating the press stiffness matrix approach and the FE simulation procedure through a developed user subroutine, this research demonstrates that the effect of press elasticity can be effectively quantified in the forging of 3D complex shapes. In the industrial blade forging case study, the results suggest that the majority of the top forging die deflections is caused by the translation and rotation due to guideway clearance, while the press elastic deformation makes a less obvious contribution. Due to the geometric configuration of the aerofoil blade, the movement of the top forging die shows only limited effect on the geometric error, while the angular deformation of the top forging die is detrimental to the dimensional accuracy of the forged blade. Although suitable for both bulk and sheet metal forming processes, the current approach can only deal with static loading condition. Further work is needed to overcome this limitation. 
